Aggression is a crucial survival behavior: it is employed to defend territory, compete for food and mating opportunities, protect kin, and resolve disputes. Two highly conserved circuitries emerge as critical substrates for generating and modulating aggression. One circuitry centers on the medial hypothalamus, a brain region essential for driving the expression of aggressive behaviors. The other circuit involves the mesolimbic dopamine cells. Animal studies support essential roles of mesolimbic dopaminergic signaling in assessing the reward value of aggression and reinforcing aggressive behaviors. In this review, we will provide an overview regarding the functions of medial hypothalamus and dopaminergic system in mediating aggressive behaviors and the potential interactions between these two circuitries.
Hypothalamic control of aggressive behaviors
The role of the hypothalamus in the generation of aggression is well-established through decades of work in many species. Since the initial work by Walter Hess demonstrating that aggression could be elicited by electrical stimulation in the cat hypothalamus [1] , dozens of studies have replicated this result and demonstrated that hypothalamic stimulation is effective in inducing attack or other aggression-related behaviors [2 ,3-10,11 ,12 ,13 ,14 ,15,16] (Table 1) . For example, in marmosets and macaques, electric stimulation of the ventromedial hypothalamus elicited threating vocalization and short attacks [4, 5] , while in cats, electric stimulation of medial hypothalamus evoked immediate hissing, piloerection and paw strikes towards another cat (https://www.youtube.com/watch?v=Kj2MqEMpj4U) [6, 10] . In rats, a large hypothalamic attack area (HAA) from which an attack could be artificially elicited was mapped using systematic micro-stimulation [2 ,7,17] . Pharmacological manipulation of the hypothalamus can also facilitate aggression. Ferris et al. injected vasopressin into the anterior hypothalamus of the hamster and observed increased aggressive behaviors [9] . More recently, by capitalizing on advances in mouse genetics and cell-type specific manipulation, a series of studies from our lab and others identified a subnucleus in the medial hypothalamus, the ventrolateral part of the ventromedial hypothalamus (VMHvl), as an essential locus for aggression in both male and female mice [11 ,12 ,13 ,14 ] . Optogenetic activation of the VMHvl cells, especially those expressing estrogen receptor alpha/ progesterone receptor (overlap nearly 100%), induced immediate attack whereas either pharmacogenetic or optogenetic inactivation of the VMHvl suppressed naturally occurring aggression [11 ,12 ,13 ,14 ,18] . in vivo electrophysiological recording revealed that single units in the VMHvl exhibit an acute activity increase both while animals investigate aggression-provoking olfactory cues and during inter-male aggression [11 ,19-21,22 ,23] .
Recent experiments have also confirmed that the role of the hypothalamus during aggression extends beyond acute attack. Early microstimulation experiments demonstrated that hypothalamic stimulation can promote approach towards a potential attack target [24] , suggesting the involvement in the preparatory or appetitive aspects prior to aggression. To specifically test the role of VMHvl in promoting preparatory or aggression-seeking behaviors, our recent study adopted an operant responding task to temporally separate the seeking and action phases of aggression. During the task, the animal learns to nose poke to gain access to a weaker intruder. Over 60% of animals learned the task, exhibited repeated poking of the intruder-paired port and attacked intruder immediately upon its introduction. Inactivation of the VMHvl decreased the poking rate whereas optogenetic activation of the VMHvl during inter-poke-interval shortened the latency to the next poke. Furthermore, in vivo recording demonstrated that the VMHvl activity prior to and during poking gradually increased over the days of training as the animals learned the task [23] . These results suggest the involvement of the VMHvl in generating learned seeking or preparatory behaviors in addition to attack.
